Predictive Emission Monitoring System (PEMS) was developed in 1990 to provide continuous monitoring of NOx emissions from stationary gas turbines with minimum maintenance. This system will meet the Enhanced Monitoring requirements under Title V of the Clean Air Act Amendments of 1990 when these requirements are finati7ed The PEMS has been well received by various United States federal, state and local environmental agencies. It has been certified in the state of Colorado, and accepted in Pennsylvania and Texas. This paper reviews the Enhanced Monitoring requirements for gas turbine NO, emissions monitoring and dierucRPs the technical background of the PEMS. The PEMS design is described, including
INTRODUCTION
The need for clean air and the concern for continuous emissions compliance from stationary sources have led to the requirement of continuous emissions monitoring by environmenthl agencies. As a result of the Clean Air Act Amendments (CAAA) of 1990, continuous stack monitoring of NOx emissions from stationary gas turbines may be required by the United States (U.S.) federal, state and/or local enforcement agencies determined on a case-by-case basis.
Ass prime mover, the industrial gas turbine has demonstrated very low levels of combustion generated pollutant emissions. A typical plot of oxides of nitrogen (N0x), carbon monoxide (CO) and unburned hydrocarbons (UM) emissions as a function of load from a typical gas turbine burning natural gas fuel is shown in Figure I . At 100% load, NOx is the only significant regulated air pollutant emitted from the gas turbine. Consequently, there is a need for controlling and monitoring NOx emissions.
Traditionally, Continuous Emission Monitoring System (CEMS) is used to monitor in-stack gas concentration expressed as emission rate (USEPA, 1992a) . Recent regulations in the U.S. (USEPA, 1993a) and in Sweden (Sjoberg, 1994) require Continuous Emission Rate Monitoring System (CERMS) to monitor mass emission rate (USEPA, 1992b) . Serious concerns about the cost, maintenance requirements, and/or weather-related problems, associated with existing in-stack CEMS and CERMS, can be prohibitive to certain potential projects involving small-to-medium thud gas turbines (<25 MW). This paper discusses a proven technology known as the NOx Predictive Emission Monitoring System (PEMS), which is designed as an alternative to a CEMS and, at the same time provides the function of a CERMS (Hung, 1991) .
BACKGROUND Regulatory Requirements
In the U.S., existing sources are impacted by the operating permit program. This program, as called for by the U.S. CAAA of 1990, requires the U.S. Environmental Protection Agency (USEPA) to establish guidelines, to state and local air boards, on the performance of enhanced monitoring by owners and operators of major stationary sources of air pollution. The Act requires that the owners propose an enhanced monitoring protocol in their operating permit application.
The Acid Rain Program (USEPA, 1993a) specifies continuous emissions monitoring requirements for utility gas turbines and boilers with capacity greater than 25 MW.
On September 30, 1993, the proposed rule for the Enhanced Monitoring Program was published (USEPA, 1993b) . The proposed rule states that enhanced monitoring data be used to determine whether compliance with emission limitations or standards was continuous or intermittent over a given reporting period. Continuous compliance over all operating ambient conditions and loads is the recurrent theme that is an integral part of the regulatory requirements. The proposed rule defines the regulatory requirements for parameter monitoring methodologies and cites an example of using parametric relationships to predict NOx emissions.
The proposed regulations give definitions for major emissions sources. Major sources include all facilities that generate 100 tons per year of any pollutant and some facilities with as low as 10 tons per year. Enhanced monitoring impaaed all emissions units capable of generating 30 tons of emissions per year or more. Lower limits are called for in ozone nonattainment areas.
The concern for monitoring emissions is spreading worldwide. Swedish regulations already call for continuous monitoring of stack gas emissions of NOx and SO, for combustion plants with 50 MW or more supplied power (Sjoberg, 1994) . Germany and Japan may require continuous monitoring on a case-by-case basis. The authors' company has received inquiries about emissions monitoring from Europe, Japan, India, Canada and Argentina.
Turbomachinery User Requirements
Turbomachinery users need to comply with the regulations dictated by their local and/or state environmental agencies. They want to do so as accurately, efficiently and as cost-effectively as possible. These costs include initial purchase, installation, training, operation and maintenance. Since the regulations often call for lengthy reports and/or shutting down the turbomachinery when the emissions monitor fails, turbomachinery users want a highly reliable system that will minimize their downtime. Certain users have stations located in remote areas. For such applications, minimum maintenance is a must.
Technical Background
A NOx emission mathematical model was first developed 20 years ago in 1973. Its application to assess the ambient humidity and water injection effects on NOx emissions was first published one year later (Hung, 1974) . The first disclosure of the model was made in 1975 (Hung, 1975a) . It was later extended to include the effect of fuel bound nitrogen (Hung, 1976) . It is known as the diffusion limited mixing model and is applicable for all conventional gas turbine combustion systems. By removing the diffusion limited mixing assumption, the model becomes a perfectly stirred reactor model applicable to lean premixed combustion systems (Hung, 1975b) and hybrid combustion systems (Mumford et al, 1977) . Over the years, it has withstood the test of time and explained all measured NOx emissions phenomena from stationary gas turbines. Its recent successful field applications in continuous monitoring (Hung, 1994) demonstrate its accuracy in a priori prediction.
The model was used to verify the predicted emissions during the development of a performance analysis computer program capable of predicting exhaust gas concentrations as well as mass emission rates in the early 1980s. The key steps in the development of this computer program were first reported by Hung (1991) . This program was used to develop a NOx emissions control system for three 7-MW gas turbines using water injection (Hung and Agan, 1985) . The NOx emissions from these turbines were monitored by a certified Continuous Emissions Monitoring System for over 10 years. These data support the long-term viability of the PEMS predictions.
Each gas turbine model manufactured by the authors' company is emissions tested under varying load conditions prior to shipment, until sufficient data am obtained and verified by the NOx model to accurately predict emissions from the proposed surrogates. Data from these tests are used to continually refine the performance analysis program.
PEMS vs CEMS
The PEMS was developed as an alternative to the Continuous Emissions Monitoring System (CEMS). The CEMS is an apparatus which chemically analyzes samples of the exhaust gas to determine the concentration of pollutants in that exhaust. A CEMS typically consists of a sample interface, a pollutant analyzer, a diluent analyzer and a data recorder (Figure 2) .
If a flow rate sensor is added to a GEMS, it may additionally perform the function of a Continuous Emissions Rate Monitoring System (CERMS). A CERMS is an apparatus which is used to determine and record the pollutant mass emissions rate. Until the promulgation of the Acid Rain Program (USEPA, 1993a), the CERMS was not mandated by regulatory agencies as often as the CEMS. The large margin of error in the measurement of exhaust or fuel flow rate is often cited in preference of the CEMS.
The PEMS is expected to be viewed by gas turbine users as advantageous over CEMS in three out of the four main demands of turbomachinery users: low initial and life-cycle costs, low maintenance and high reliability. To date, the PEMS has met the CEMS on the fourth requirement as well, namely, compliance with the local, state and/or federal requirements.
PREDICTION METHOD Performance Analysis Program
The NOx emission predictions for a given site are based on predictions made by the performance analysis program. Program inputs
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FIGURE 2. MAJOR SUBSYSTEMS IN A CEMS
include fuel type, inlet and exhaust duct losses, site elevation, combustion (conventional or advanced lean-panted) system used, humidity and water injection schedule, 'The program generates two tables of emission predictions for a range of operating points. The first table predicts emission concentration in parts per million by volume, dry basis (PPlovd) at 15% The second table predicts mass emission rate in kg/hr (lb/hr).
Polynomial Curve Fit
The emissions am mapped as a function of ambient temperature and power turbine inkt temperature (or gas producer speed), since these me standard acetyl system measured variables with a strong correlation to NOx emissions. A polynomial equation which calculates the emissions as a function of these two variables is curve fined to generate the emissions map data. Only the polynomial coefficients are stored in the PEMS.
Integration Into Control System
The PEMS is typically integrated into the turbine control system. Since most of the inputs required by the PENIS are already used by the turbine control system, fewer sensors are required. This also ensures that whenever the turbine is running, the PEMS is operational.
The tun time inputs required by the PEMS are: Both temperature measurements are standard production control features required by the turbine control system, whether or not the PEMS is included Ambient pressure and relative humidity are the only additional inputs requirements that must be added to the control system for the PEMS.
Run Time Calculations
Using the polynomial nave fit equatkes, the PEMS first calculates the emissions using the tun time power turbine inlet temperature and Mkt air temperanne. This uncorrected prediction is what the emissions would be if the anent ambient pressure and inlet air humidity matched the pressure and humidity whit were input to the performance analysis Program-
The system lends itself to the required flexibility demanded by different regulatory agenda. Fa example, some regulatory agencies require the reported emissions to be caromed to standard ISO ambient conditions, 15°C. 60% relative humidity and 1 atmosphere pressure (1013 kPa). Other regulatory agencies want the emissions repotted for the actual site ambient conditions. In either case, calculations are corrected to the required ambient cottons using the ISO standard equation recommended by the USETIA (1992c) for conventional diffusion flame combustion systems as follows: NOx = (NO.) (P/Pt eg°1') (T, nap, 00
where: Although the PEMS is capable of making predictions up to once per second, the emissions predictions am typically performed once a minute, compatible with a "state-of-the-art" CEMS.
The emission concentration predictions for each hour are averaged. The NOz Emissions Monitor display shows the latest concentration prediction and the hourly average for the last clock hour (not a rolling 60-minute period). Only the hour averages are saved in the long-term historical data files.
The mass emissions rate predictions are totalized by hour, day, month and rolling 12-month periods. The mass rate totals are saved in the long-term historical data files.
Run Time Display
A standard run time NOz Emissions Monitor Summary display is shown in Figure 3 . The current values of all the control system inputs used in the prediction calculations are displayed in a standard run time NOx Emissions Monitor Summary display. Gas producer speed (Nm), although not directly used in NOx emissions predictions, is given for a reference to the current operating power level. The latest NOx concentration prediction and the most recent hourly average are shown. The NOx mass emission rate and totalizers are displayed with both a digital readout and a bar graph.
FIGURE 3. NOx MONITOR DISPLAY
Daily Printed Report
The system lends itself to the required flexibility demanded by different regulatory agencies. For example, air quality regulatory agencies might require emissions data be recorded in a form suitable for inspection for a two-year period. The PEMS comes with a standard 24-hour daily report and is printed automatically at the same time every day. A sample daily report is shown in Rgure 4. This report shows the average NOx concentration and total mass emissions for each hour in the 24 hours immediately preceding the printing of the report. A third parameter may optionally be added to customize the report. For example, several of the PEMS installed to-date have used this column to log water-to-fuel ratio since many regulatory agencies require this to be recorded for gas turbines with water injection.
CONDITION MONITORING
The condition monitoring features of Solar's Turbotroniel standard gas turbine control system enhance the utilization of the 
FIGURE 4. DAILY LOG PRINTOUT
PEMS. The historical data files provide additional means to review PEMS data. It can provide some redundancy in recording the data required by the air quality permit
Display interface Architecture
The Turbotronic condition monitoring system is integrated into the display interface computer of the standard gas turbine control system. This is an industrial hardened computer with an Intel' processor and an MS-DOS' operating system. It has a high resolution color graphics CRT display with a membrane function keypad. The computer communicates with the Turbotronic programmable logic controller (PLC) through a serial interface data highway. It has a hard disk and a floppy disk for data storage and an option for an interface to a remote computer.
Historical Data Files
The display interface computer has two historical data files which air used by the PEMS. These ate the Snapshot and Discrete Event Log histories.
The Snapshot history records all analog and discrete data once an hour on the hour. These data are a snapshot of the inputs, calculated data and alarms at the moment they are recorded as opposed to an average of the data over the hour. However, the analog data may include a calculated variable, which is an hourly average of an input or another calculated variable. These data are recorded in a circular file with records for 10,000 hours. The Snapshot history feature comes standard with the PEMS.
The Discrete Event Log history captures a snapshot of all data every time any of the alarms or discrete status variables change state. These data are kept in a circular file with 256 records. The Discrete Event Lug is a standard feature.
Operator interface
The operator may view the data collected by the condition monitor with a variety of methods. The data can be displayed on the local or remote CRT, logged to a printer or written to a floppy disk for backup or for export to a spreadsheet program. 
Displays
The standard displays for the Snapshot history can plot any four analog variables from the data base at one time. The time period to plot is menu selectable. An example of this display is given in Figure 5 . The standard display for the DisCICIC Event Log history shows the status of each discrete event when it changes state (Figure 6 ).
With the Playback option, all discrete and analog data from the Snapshot or Discrete Event Log histories can be used to recreate any display at the time the data were collected. For example, if there is an alarm for high emissions, the Discrete Event Log will capture a snapshot of all the analog and discrete data at the time the alarm changes state. The data from this snapshot record can be used to recreate the NOx Emissions Monitor display screen as it appeared at the time the alarm was triggered. Using the Snapshot history, the operator could see what the NOx Emissions Monitor display looked like each hour over the past 10,000 hours.
FIGURES. DISCRETE EVENT LOG
Printouts
Printouts of data from the history files can take several forms. Any 
Export to a Spreadsheet
Data from the Snapshot history can be exported to a floppy disk file in a format compatible with most spreadsheet programs. A spreadsheet program can be used to easily make highly customized reports. Spreadsheet Export is an optional feature.
Backup to Floppy Disk
The Snapshot history file can be backed up to a floppy disk. This standard feature provides a method for compact storage of all hourly data for a long period of time.
Condition Monitoring and PEMS
Several of the control system condition monitoring features may be particularly useful in a PEMS application.
The hourly average NOx concentration and hourly total mass emissions calculations are calculated in the PLC. The Snapshot history file captures these calculated variables. This data file acts as a backup to daily printed reports. If the printer runs out of paper or otherwise fails to print a daily report, data for that day may be printed from the Snapshot history file.
The daily, monthly and 12-month mass emissions totalizers are in the Control System PLC. If the PLC program is corrupted. the mass emissions totals can be calculated using data from the Snapshot history files.
If an air quality control board requires highly customized reports, emissions data can be exported to a spreadsheet program. A spreadsheet. program can easily be created to manipulate and format the data as required for the air board.
EXPERIENCE
The first PEMS was installed in a 14,100-hp ISO gas turbine ; located in a remote gas compressor station in Washington. The second and third PEMS were installed in two 4-MWe (5,500 hp) ISO gas turbines equipped with water injection for NQ control: one located in California and the other in Colorado. At the California site, the FEMS is being used to control the ammonia injection in a feed-forward mode into the selective catalytic reduction (SCR) system downstream of the turbine exhaust. At the end of 1994, a total of 36 PEMS have been installed (Table 1) . These PEMS are integrated with the modern electronic turbine control systems with or without NOx control. The 12,600-hp ISO gas turbine in Georgia is equipped with the first stand-alone retrofit unit. PEMS for gas turbines equipped with advanced lean premixed combustion systems have been installed in the state of Washington, California, Massachusetts, New York and Nevada. Emission compliance tests, or Relative Accuracy (RA) tests, have been successfully conducted on at least 16 of these units with no failure. These tests were performed at field sites with aldtudes ranging from 13 to 2031 m (41 to 6643 ft) above sea level, covering the four seasons at varying gas turbine loads by various source testing firms using various types of instrumentations and test methods.
Compliance and relative accuracy tests data for which the authors have received data and permission to publish have been presented and discussed by Hung (1994) and are documented in Tables 2-8 to show PEMS's predictive capabilities as follows: One user's operating experience of the PEMS prior to certification has been reported by Hung and Revelt (1994) . In a recent communication with this user, the PEMS has been operating trouble free since its certification (Hung with Revelt, 1994 ). The only maintenance task performed was adding inks to the printer. Another user's operating experience on both CEMS and PEMS was expressed in a letter to support the use of PEMS in place of CEMS (Craig, 1993) . The predicted NO, values have been found to be 'remarkably accurate' when compared to values measured by the certified CEMS. Other users of PEMS have expressed favorable comments, particularly with regards to its low maintenance and high availability (Hung with Delgado, 1994 and Hung with Honefenger, 1994) .
The success of the PEMS has led to the recognition of predictive methods in the Enhanced Monitoring Program rules proposed by the USEPA. PEMS has been accepted as an alternative to CEMS by U.S. Federal (Region VIII, IX and X), State (Colorado, Pennsylvania and Texas) and local environmental agencies. 
